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Abstract 
 
Sustainable Urban Drainage Systems (SUDS, also sometimes referred to as green infrastructure 
or low impact development) to enhance or replace conventional stormwater management 
practices have become a centerpiece of many urban stormwater management plans. This study 
investigates the behavior of urban runoff under different long-term climate scenarios with 
various densities of SUDS implementation using three kinds of methods: traditional hydrologic 
analysis, Chernoff face analysis, and statistical tests and a number of different parameters to 
quantify SUDS behavior. Long-term (12-year) rainfall and evaporation data from ten different 
cities throughout the country were used to represent distinctive potential future climate scenarios. 
These data were input into a set of SWMM models of a 3.16 km2 urban catchment, with each 
model having a different SUDS implementation. Under each set of SUDS implementation, 
results using different climate inputs were compared. The capability of SUDS to perform under 
varying climate scenarios provides an estimate of the resilience of the different SUDS 
implementations to potential long-term climate change. Results showed that both climate 
scenarios and SUDS scenarios have a strong impact on catchment’s hydrologic response. Even 
though climate scenarios are more dominating, the implementations of SUDS are capable of 
overcome the change in climate scenarios to a certain extent, which indicates that implementing 
SUDS can help to improve urban catchment’s resiliency against climate change. The influence of 
SUDS on hydrologic response, as described by various indices, was observed at different time 
scales, from hourly to annually. Differences in hydrologic response with SUDS between 
different climate scenarios suggest that SUDS implementation can be optimized to improve 
performance for different long term climate projections.
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Chapter 1 Introduction 
1.1 Background and motivation 
When people build cities, they want their land to be dry and clean. As a result, concrete and other 
materials were used to make the ground impervious and natural channels were modified for their 
own use. This causes trouble when stormwater cannot percolate into the ground and fail to 
follow its original paths exiting the watershed. To solve this issue, human beings construct 
artificial drainage networks to collect stormwater from street and roofs as an alternative to the 
pre-development water paths.  
This urbanization process exhibits a disconnection from natural systems and changed the 
hydrologic behavior of the catchment. As water can no longer penetrate into the soil, the storage 
of watershed is largely reduced, resulting in more runoff volume. The decreased roughness as 
well as the shortened flow path of pipes and gutters on the street make stormwater leave a 
catchment quicker than before, which brings about higher peak flow rate and shorter time to peak 
at the outlet of the catchment. As a result, ironically, this traditional stormwater management 
approach to deal with flooding in urbanized areas creates more stormwater flooding issues at the 
downstream end of the watershed than before. In addition, these large-scale, centralized 
stormwater collection systems with end-of-pipe treatment to manage stormwater runoff creates a 
spatial constraint on how and where stormwater can be treated (Konrad and Burges, 2001). 
Nutrients and chemicals from the land surface become mixed in runoff that is collected and 
transported in costly drainage pipe systems, while at the downstream end these chemicals are set 
apart again by processes in costly treatment plants.  Relatively clean runoff from roofs is mixed 
with runoff from the land surface and treated downstream instead of being used as a valuable 
resource on-site (Niemczynowicz, 1994). All in all, traditional stormwater management 
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approaches can cause downstream flooding, pollution, and human and ecosystem health 
problems (Leopold, 1968; Fletcher et al., 2014). Nevertheless, many people in a wide range of 
organizations from local government, state, to federal, and a variety of non-governmental 
organizations, as well as academia are now asking, “Is there a smarter, more economic, more 
environmentally friendly or sustainable way to treat storm water in urban settings?” 
Sustainable Urban Drainage Systems (SUDS, also sometimes referred to as green infrastructure 
(GI), low impact development (LID), or best management practice (BMP)), which enhance or 
replace conventional stormwater management practices, provide a promising way to mitigate 
these problems and have become a centerpiece of many urban stormwater management plans. 
According to United States Environmental Protection Agency (USEPA) (2015), “The core 
philosophy of SUDS and LID is the use of small scale treatment practices that are dispersed 
among sites, treating stormwater as close to the source (where the rain falls) as possible”. Its goal 
is to mitigate the negative effects of urbanization by preserving pre-development hydrology of a 
site (Dietz, 2007). The principles of SUDS include “preserving and recreating natural landscape 
features, minimizing effective imperviousness to create functional and appealing site drainage 
that treat stormwater as a resource rather than a waste product” (USEPA, 2015). By creating 
more storage and retaining stormwater, SUDS are able to decrease runoff volume and peak 
discharge as well as extending time to peak. Research are now looking at suds in terms of 
resiliency because widely distributed small scale practices can more easier to modify for changes 
in climate  and watershed than large centralized stormwater structures. 
Some widely used stormwater infrastructural that implemented the principles of SUDS are 
bioretention facilities, rain gardens, green roofs, vegetated rooftops, rain barrels, grass swales, 
and permeable pavements (USEPA, 2015). Green roofs have become a popular strategy for 
3 
 
retaining rainfall and reducing storm runoff peak flows, especially in ultra-urban areas where 
space is too limited to implement other BMPs (Hilten et al., 2008). Many incentive programs 
have been implemented in the United States to encourage application of green technology to help 
control the storm water runoff (She and Pang, 2010). The recent Stormwater Performance 
Standards Recommendations (Association of Illinois Soil & Water Conservation Districts 
(AISWCD), 2013) contain recommendations for revising the Illinois EPA (IEPA) General 
NPDES Permit for Stormwater Discharges ILR-10 and ILR-40 for quantified performance 
standards for post-development stormwater runoff control.   
Although urbanization processes are similar worldwide, urbanized catchments are located under 
different climates. However, there are a few guidelines or research on how a certain kind of  
SUDS practices with some fixed properties would perform under different climate conditions; 
instead, people tend to build SUDS in the same way everywhere without considering the 
variance in climate. In addition to the question “how would SUDS perform under climate 
condition in different places”, people are also asking “how would SUDS in a particular location 
perform under climate condition now and in the future?” Despite the initial purpose for SUDS is 
to offset the effect caused by urbanization of the watershed, it also confronts the expectation to 
operate under potential future climate change conditions and help to increase urban catchments’ 
resiliency against climate change. (Milly et al., 2008; Karl et al. 2009; Shongwe et al., 2011; 
Trenberth, 2011). Researchers trying to evaluate the reaction of SUDS under future climate 
projections usually use a general circulation model (GCM). Yet, since the stormwater system 
makes the rainfall-runoff process much quicker than before and is localized infrastructures, the 
proper time scale to model the behavior of catchments is in minutes or hours and special scale 
limited to catchment instead of very large watersheds. Hence, when we downscale the climate 
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data from GCMs to meet our need in time and special scale to simulating urban catchment 
behavior, the uncertainty of GCM model would grow. Accordingly, there is a need to find a 
better way to describe future climate scenarios in a more precise way and examine SUDS’s 
ability to adapt to different climate scenarios and increase the resiliency of urban catchment. 
Some studies suggest that summers in Illinois and Michigan in the future may feel like those in 
present-day Texas and Oklahoma, respectively (Karl et al., 2009). This statement brought up the 
idea that we can use real climate records from different places to serve as future projections. The 
change of climate in time can be transformed to the change of climate in space. 
Since SUDS is a hot and new topic these years, a lot of research has been done to understand 
how these practices perform under a range of storm events—especially design storms. 
Specifically, by providing more storage and retaining runoff, runoff volume reduction, decrease 
in peak discharge, and increase in time to peak are the most popular indices to represent the 
performance of SUDS and have been widely studied. As is the custom, these indices are directly 
related to some storm event with a certain return period and are not enough to tell how SUDS 
would perform under long term (e.g., several years) climate. Numerous indices describing the 
behavior of SUDS under a wide range of scales are not considered in most studies. 
1.2 Thesis objective and scope of research 
The overall purpose of this thesis is to explore the hydrologic impact of SUDS, specifically green 
roofs, over a range of temporal variability of climate and spatial variability of densities of SUDS 
implementations.  From the technical aspect, SUDS include many different types of stormwater 
practices integrated into a system (Fletcher et al. 2014). However, the scope of this paper is 
limited to green roofs coupled with the existing stormwater system. Even though effect of 
different SUDS scenarios were examined in this study, these scenarios were limited to 0%, 20%, 
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40%, and 70% of SUDS implemented homogeneously to residential area.  Hourly climate data is 
used instead of even finer scales like minutes. The impact of seasonal variance on SUDS 
behavior is not discussed. Since there are not enough data in urban areas for evaporation, it is 
calculated using averaged monthly wind speed, averaged temperature max and min as well as 
latitude.  
As part of addressing this objective, we will examine different means of quantifying SUDS 
performance other than the traditional indices like runoff volume reduction and time to peak.  
The following research questions were asked and hypotheses were tested according to the 
primary objective. 
 What’s the hydrological response of an urban catchment with SUDS implemented under 
various long term climate records? 
Hypothesis: Different climate scenarios may result in diverse hydrological performance. In 
particular, we expect to see arid climate results behave contrasting to humid climate. SUDS 
may have a less obvious effect on the catchment for extreme events.  
 What’s SUDS’s behavior to different scale of temporal variability of climate? 
Hypothesis: SUDS would affect the hydrologic response of not only event scale climate 
variability but also climate variability at a larger time scale like annual scale and interannual 
scale.  
 How does density of SUDS impact on the hydrologic behavior of urban catchment? 
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Hypothesis: Increased density of SUDS would result in more influence on hydrologic 
response. This influence may be more obvious from no SUDS implemented to a certain 
percentage of SUDS implemented than from a certain percentage of SUDS implemented to a 
large portion of SUDS implemented. This influence may be more observed at some particular 
time scales than others. 
 Would the influence of SUDS overcome the influence of climate change? 
Hypothesis: the influence of SUDS may overcome the influence of climate scenario change 
from one to another to some extent, but not always. Climate is a more dominating factor on 
the hydrologic response of urban catchment.  
 Are there any other parameters we can use to quantify the behavior of SUDS under 
different temporal variability of climate that can give a broader perspective of view? 
Hypothesis: Parameters at different scales to describe runoff and evaporation in form of 
volume, time rate, ratio and so one can do a good job giving a comprehensive understanding 
on the effect of SUDS on urban catchment hydrology. 
We anticipate our study to be a starting point for the research of the robustness of urban drainage 
systems in response to the issue of climate change. 
1.3 Outline of thesis 
The chapters of this thesis are arranged as follows: 
 Chapter 2 gives a literature review on SUDS, different approaches to evaluate its 
performance, particularly the modeling approach, and several research on evaluating 
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climate impact on SUDS and urban catchments. The concepts and framework of the 
methods used to analyze the result is presented later. 
 Chapter 3 describes the data used to simulate SUDS under different climate and SUDS 
scenarios. Later it present the model framework used. Modeling results are then presented 
and analyzed in traditional hydrological ways, at different time scale. 
 Chapter 4 mainly talks about using Chernoff face method to analyze the result we get 
from Chapter 2. Different parameter to draw Chernoff faces were selected and 
implemented in different features of face. Results are then presented and multi dimension 
discuss is followed.  
 Chapter 5 talks about using statistical way to do a quantitative examination on the results 
we get from Chernoff faces. First a PCA test is conducted. Then statistical test were used 
to examine the similarity of hydrological behavior under different scenarios.  
 Chapter 6 discusses conclusions and limitations of this thesis and future research. 
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Chapter 2 Literature review 
2.1 SUDS and its performance  
Urbanization has significantly modified the natural drainage processes by increasing impervious 
areas and constructing artificial drainage networks (Brun and Band, 2000) to solve for local 
floods and ponding. As a consequence of this, there are less nuisance flooding in area served by 
infrastructure, but worse flooding downstream. The expansion of impermeable urban areas 
induces rises in runoff volumes (Waananen, 1969; Jennings and Jarnagin, 2002) and peak flow 
rates (Leopold, 1968; Dietz and Clausen 2008) as well as decrease in the time to peak (Dietz and 
Clausen, 2008). Moreover, the imperviousness of surfaces in urbanized areas prevent stormwater 
from evapotranspiration and intercepted by plants or stored in soil layers, thus increasing loading 
from stormwater runoff, reducing filtration of water pollution (sediments and pollutants) that 
used to exist in natural conditions, and inducing downstream flooding, water quality, and human 
and ecosystem health problems (Wendel et.al, 2011). This problem has brought increasing 
attention to the use of GI to enhance or replace conventional stormwater management practices 
(Dietz, 2007; Hilten et al., 2008; Roy et al., 2008). Many incentive programs have been 
implemented in the United States to encourage application of green technology to help control 
the storm water runoff (She and Pang, 2010; Illinois Municipal Code 65ILC 5/11-110-1). 
2.1.1 BMP, LID, SUDS 
The goal of current SUDS practice has been to mitigate the negative effects of urbanization by 
preserving pre-development hydrology of a site (Dietz, 2007) and ultimately restoring riverine 
ecosystems and addressing water quality issues at the catchment scale (Walsh et al., 2005; Filoso 
and Palmer, 2011; Burns et al., 2012). The advantages of SUDS are not limited local storm water 
control, as urban green spaces (e.g., lakes, parks, and community gardens) can also benefit both 
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the quality of the urban ecosystem and to human health (Morris, 2003; Wendel et.al, 2011). 
Good quality green spaces encourage people to walk, run, cycle, play, and engage in many other 
recreational activities that provide opportunities for healthy physical activity and reduce mental 
stress (Douglas, 2004). Green spaces also improve air quality and reduce noise pollution, while 
trees and other plants help in filtering out dust and contaminants and assist with carbon capture 
(Pincetl, 2007; Dunn, 2010; Pataki et al., 2011). This capture activity of natural and quasi-natural 
green environments maintains the wellbeing of ecosystems (Douglas, 2004). 
Fletcher et al. (2014) “document[ed] the history, scope, application and underlying principles of 
terms used in urban drainage”, and provided a detailed explanation of the similarities and 
differences between SUDS, BMP, LID, and GI. The term “LID” first came into play in a land 
use planning report of Vermont, USA (Barlow et al., 1977). “The original intent of LID was to 
achieve a ‘natural’ hydrology by use of site layout and integrated control measures.” Oriented 
and more widely used in the United Kingdom, SUDS “consist of a range of technologies and 
techniques used to drain stormwater/surface water in a manner that is (arguably) more 
sustainable than conventional solutions” by “replicating as closely as possible the natural, pre-
development drainage from a site”, which is the same core concept as LID. However, the term 
“SUDS” typically implies “a sequence of stormwater practices and technologies that work 
together to form a management train”, while LID are commonly used for both single practices 
and systems. BMP is more adopted in North America to “describe a type of practice or structured 
approach to prevent pollution”. The term BMP has an emphasis on the water quality part of 
urban drainage (USEPA, 2011), whereas SUDS and LID can refer to practices deal with both 
water quality and quantity issues. The term GI “seems to have origins in both landscape 
architecture, where it has been promoted as a network of green spaces (Benedict & McMahon, 
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2006), and in landscape ecology (Forman, 1999).” It has an emphasis on green spaces that “can 
capture and infiltrate rain where it falls”. These four terms: LID, BMP, SUDS, and GI, are used 
interchangeable in recent research and are almost synonymous (Struck et al., 2010; Fletcher et 
al., 2014). In this study, we use the term SUDS to give an emphasis on the potential 
sustainability SUDS can provide to urban catchments under future climate scenarios and its 
performance as a system in stormwater management. 
Even though SUDS is a hot topic these days and many implementation of SUDS are being built 
around the United States and the world, many guidelines for SUDS implementation are more like 
a cookbook, with rather tightly specified design criteria. The resulting rigidity often loses the 
potential flexibility of SUDS to apply to different situations and locations. One of the early 
works on urban BMPs, which is often cited in SUDS guidelines, is the book: “Controlling urban 
runoff: A practical manual for planning and designing urban BMPs” by Schueler (1987).  This 
manual provided detailed guidelines on choosing and building BMPs based on the landscape for 
the region near Washington DC. However, a number of other guidelines adopt this work from 
Schueler (1987) to build the same type of BMP under various climate conditions (American 
Society of Civil Engineers (ASCE) and Water Environmental Federation (WEF), 1992; Urbonas 
and Stahre, 1993; King County, 1998; WEF and ASCE, 1998; Urban Drainage and Flood 
Control District (UDFCD), 2001; Mays, 2001; Washington State Department of Ecology 
(WADOE), 2001; Minton, 2002; Debo and Reese, 2003; USEPA, 2004). The literature shows 
the need to study the performance of SUDS under different climate conditions so that we can 
build SUDS more economically and sustainably.  
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2.1.2 Two approaches evaluating the performance of SUDS 
According to Pit et al (1999), “the greatest difficulty faced by BMPs is that the action-impact 
relationships are almost totally unquantified.” A large number of studies have been done to study 
BMP’s hydrological reactions.  These range from the pioneering work of Northern Virginia 
Planning District Commission (NVPDC, 1980) and Schueler (1987) to studies of highway BMP 
performance (e.g., Transportation Research Board, 2006; State of California Department of 
Transportation (CalTrans), 2010) to broader studies of BMP performance and costs (e.g., City of 
Portland, 2008; USEPA, 2007, 2010) to very recent reviews of the state-of-the-art in BMP/LID 
practice (e.g., Ahiablame et al, 2012; Fletcher, 2014). These studies investigating the 
performance of SUDS can be divided into two main types based on different ways of obtaining 
stormwater runoff data. The first type focuses on collecting runoff data directly from the field 
(Clary et al., 2008; Hatt et al. 2009; USEPA 2009; Davis et al., 2012; Geosyntec and Wright 
Water Engineers, 2014), while the second focuses on simulating runoff by inputting climate data 
into numerical models (Gill et al. 2007; Hilten et al., 2008; Tang and Schmidt, 2011; 
Zahmatkesh et al. 2014). Results from both types show that SUDS are capable to alleviate the 
effects caused by traditional urban drainage infrastructures. Ideally, the second type offers more 
flexibility in exploring the behavior of SUDS with various scales and types of model-inputting 
scenarios. The most important inputs of these models are catchment features, and SUDS 
conditions, and climate scenarios. 
 Modeling catchment features and SUDS conditions 
Lumped modeling of SUDS, which uses average coefficients to represent the properties of a 
whole catchment without considering the heterogeneity and detailed physical hydrological 
processes, is more studied, especially in the early times (e.g. Carter and Jackson, 2006; Sherrard, 
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2007). Carter and Jackson (2006) used the Soil Conservation Service (SCS) curve number (CN) 
method as the hydrologic model to evaluate green roof impact at multiple spatial by assigning a 
CN of 86 to green roofs and giving a CN of 98 to impervious area and 84 to pervious area. They 
found that for storms that are greater than the 2-year-24-hour event the runoff volume reduction 
was minimal even if vegetated roofs were widely implemented, while for storm events smaller 
than 2.54cm (1in) green roofs had an obvious impact on reducing stormwater runoff across the 
watershed.   
Even though SUDS can be indirectly modeled by altering common parameters (routing, storage, 
ET, times, etc.), the question remains:  “How reliable and accurate is changing parameters over 
the whole spectrum of possible of flows?” (Elliot and Trowsdale, 2007).  According to Elliot and 
Trowsdale (2007) each BMP has different purposes and physical mechanisms, and common 
parameter alterations may not correctly represent them for the full spectrum of anticipated 
conditions. A more complex way of modeling SUDS practices to solve this issue is to use some 
models that can take account of the spatial heterogeneity, incorporating explicit tools to model 
rain gardens, green roofs, bioretentions, and porous pavement. Tang and Schmidt (2011) study of 
green roofs allowed the modeler to subdivide an urban catchment into representative 
homogeneous areas using a probabilistically based model (IUHM) to reduce heterogeneity 
within subcatchments. SWMM is a widely used open source model provided by USEPA that can 
simulate different kinds of SUDS practices with consideration to heterogeneity of lands and 
allow detailed simulation of physical processes happening in different layers of SUDS 
(Rossman, 2010). A lot of research modeling SUDS have been done using SWMM (e.g. 
Zahmatkesh et al., 2014) 
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Due to the complexity and numerous kinds of SUDS practices, it is hard to simulate every kind 
of SUDS. One of the most commonly used and studied SUDS practices is the green roof. (Tang 
and Schmidt, 2011). SWMM model also did a good work simulating the behavior of green roof 
in urban catchment (Alfredo et al., 2010; Rossman, 2010; Burszta-Adamiak and Mrowiec, 2013). 
 Modeling SUDS performance under different climate scenarios 
Most previous studies about SUDS were done using short-term climate records, such as design 
storms or water-quality volumes (Berndtsson, 2010; Burszta-Adamiak and Mrowiec, 2013). The 
overall behavior of SUDS on long time records are usually ignored by modeling studies, while 
some of the field studies of SUDS include long-term water balance in their analysis (Clary et al., 
2011; Davis et al., 2009). According to Davis et al. (2009), long-term data from facilities are 
used for sedimentation analysis of bioretention and long-term runoff volumetric percent capture 
is used as a design element for ponding depth criteria. However, long-term climate variability 
may have a significant impact on urban runoff and should not be overlooked. Single-event 
hydrologic modeling is not able to simulate between-storm changes in soil moisture due to 
infiltration and evapotranspiration and continuous simulation hydrological models should be 
used to better simulate these dry-period hydrological processes (Beyerlein, 2010).  Cheng et al. 
(2009) developed a BMP practice decision support system to support analysis and decision 
making for stormwater management planning using a long-term, model-generated input time 
series that captured runoff from storms of a wide range of magnitudes and durations from 
different land use. Shamsi (2012) modeled rain garden impacts on sewer overflows using a 
typical design year and calculated the annual combined sewer overflow (CSO) captured by rain 
gardens. These studies are usually limited to annual scale water balance and data spanning 
several years that can provide interannual variability analysis is seldom used. Beyerlein (2010) 
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simulated runoff from green roof using 40 to 50 years of hourly NOAA-published precipitation 
data from Seattle, San Jose, and San Diego and analyzed the flow duration curve of using 
precipitation records from Seattle on existing condition and development condition with a green 
roof. The study shows that larger LID or other types of LID are required to meet the flow 
duration standard of WADOE. There is still a great need for study about behavior of SUDS 
under long-term climate scenario and its overall impact on water-balance. 
2.1.3 Parameters to quantify SUDS performance 
Even though a large number of studies have been done to quantify SUDS impact on water 
quantity of catchment, the majority of these studies only use three kinds of  parameters to 
evaluate SUDS behavior: runoff volumetric reduction, change of peak runoff flow rate, and 
change in time to peak. These three parameters described the effect of SUDS to reduce runoff 
volume, lower the peak discharge and increase the time to peak discharge for design storm 
events (Davis, 2008). However, these parameters are not enough to give an overall evaluation of 
SUDS performance over a wider range of time scales.  
States writing NPDES permits are starting to realize the importance of flow duration in 
maintaining the health of their urban stream systems. WADOE requires that land use changes do 
not increase flow durations for the erosive flow range, which is defined as all runoff between 
one-half of Q2 (2-year flood frequency) and Q50 (50-year flood frequency). In California the 
Regional Water Quality Control Board, San Francisco Bay Region, has set a hydromodification 
flow duration standard of 10% of Q2 to Q10 for the Alameda Countywide Clean Water Program 
(ACCWP), the Santa Clara Valley Urban Runoff Pollution Prevention Program (SCVURPPP), 
and the San Mateo Countywide Water Pollution Prevention Program (SMCWPPP). Beyerlein 
(2010) evaluate flow duration curve using Seattle’s 50 year hourly runoff records for 
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predevelopment and proposed green roof conditions and found that larger green roofs or other 
type of SUDS may be need to pass the WADOE criteria. Palhegyi (2010) conducted a study on 
sizing bioretention using flow duration control and found that LID provides the best chance of 
truly “mimicking” predevelopment hydrological conditions. Nevertheless, no study to date has 
examined the ability of different indices of SUDS performance to describe SUDS behavior 
related to different scales of climate variability. 
2.2 Climate change and its effects on urban catchments and SUDS 
The impacts of different potential future climate scenarios on urban hydrology have received 
increasing attention from policy makers, researchers, and the public in recent years (Allen and 
Ingram, 2002; Vergara et al, 2007; Randall et al., 2007). Besides human-induced land cover 
change, climate change is considered as one of the two main causes of urban flooding (Jung et al, 
2011). The urban heat island effect and aerosol composition can alter the climate mechanism, 
which plays an important role in the storm evolution of urbanized regions (Ntelekos et al., 2008, 
2009). Another main cause of climate change is global warming, which can lead to the 
acceleration of the water cycle (Huntington, 2006; Oki and Kanae, 2006) and consequently affect 
the frequency and intensity of future storm events (Arnell, 2003; Booij, 2005; Hamlet and 
Lettenmaier, 2007; Milly et al., 2008). The Fourth Assessment Report (AR4) of the 
Intergovernmental Panel on Climate Change (IPCC) (Randall et al., 2007) projects that heavy 
precipitation events will be more frequent during the 21st century over most of the Pacific 
Northwest of USA based on simulations using GCMs. Jung et al (2011) showed that changes in 
flood frequency are more sensitive to climate change than land use change in two urbanized 
catchments of Portland for 2050s (2040–2069). There is a need to identify potential changes in 
urban flood according to climate for both policy making and research purposes. 
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2.2.1 Modeling of the impact of climate change on urban catchments 
Few studies have examined the hydrologic performance of urban catchments and SUDS under 
climate change conditions. Gill et al. (2007) simulated the daily runoff of a 1300 km2 urbanized 
watershed using a black box model, the curve number approach, based on GIS analysis. They 
used UKCIP02 Low and High emissions scenarios (Hulme et al. 2002) to describe possible 
future climate change scenarios. The result was that SUDS decreased total runoff volume for an 
event with certain frequency.  Zahmatkesh et al. (2014) included more hydrologic processes in 
his research by using SWMM5, a physically based dynamic hydrology/hydraulic/water-quality 
simulation model from USEPA. a change factor methodology based on the precipitation from the 
Coupled Model Intercomparison Project Phase 5 (CMIP5, a widely used tool for climate change 
studies) was applied to adjust historical precipitation for projecting. Both of these studies have to 
do some downscaling from GCM results and thus produce error. The error carried over from 
potential future climate projections propagated in a very complex way thru the hydrological 
model used and may result in big errors in runoff.  
2.2.2 Uncertainty in climate change impact modelling 
The use of GCMs and downscaling processes are considered the two main source of uncertainty 
in climate change impact studies in hydrology and water resources (Praskievicz and Chang, 
2009). 
Generally, GCMs are the best tools for projecting future climate in response to greenhouse gas 
(GHG) emission scenarios, usually from IPCC’s Special Report on Emissions Scenarios (SRES) 
(Nakicenovic and Swart, 2000). GCMs rely on large-scale simulations of the coupled 
oceanatmosphere system to predict the response of the climate to the projected increase in GHG 
concentrations. The outputs from these GCMs have to be downscaled applying a statistical 
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downscaling technique (which alters historic climate records based on projected future change) 
or a regional climate model (RCM) (which includes the influence of local topographic and other 
factors to simulations) because they are on a larger scale than those that are useful for most 
hydrological applications. (Praskievicz and Chang, 2009) 
Studies indicate that the greatest source of uncertainty in the climate impact modelling chain is 
the GCM (Wilby et al., 2006; Graham et al., 2007). GCMs have diverse horizontal and vertical 
grid resolutions, climate process description and approximation, parameterization of subgridscale 
phenomena, and initial condition (Allen and Ingram, 2002; Stainforth et al., 2007; Randall et al., 
2007). These different structures among GCMs cause the wide variations and biases in regional 
climate reproduction and projection (e.g., Im et al., 2011). “Some GCMs fail to simulate regional 
interannual climate variability, which are important drivers of specific regional climate” (Jung et 
al, 2011). According to Jung et al, (2011), GCM structure have a huge influence on shorter term 
flood frequency change (2 and 5 year floods). On the other hand, natural variability dominates 
longer term flood frequency variation (above 25 year floods). When assessing the impact of 
climate change to watershed hydrology, many studies have used data from a limited number of 
GCMs and have uncertainty of structure stemming from the assumption from GCMs (Andersen 
et al., 2006; Dibike and Coulibaly, 2007). Buytaert et al (2009) analyzed the uncertainty of 
GCMs using entire GCM ensemble of the IPCC’s AR4 (2007) and found that the prediction 
range is still very large even if we account for the differences in GCMs. Since GCM results are 
used as input for hydrological models, errors in GCM may grow in a very complicated way. One 
case of this is that errors in calculations of evapotranspiration might result in both compensating 
and amplifying the impact of uncertain changes in precipitation patterns on water supply 
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(Buytaert et al., 2009). These effects may result in large uncertainty in final model predictions, 
“jeopardizing management decisions” (Pappenberger and Beven, 2006; Buytaert et al., 2009). 
The second  source of uncertainty in the climate impact modelling chain is associated with 
transferring large-scale climatology to regional-scale climatology appropriate for hydrological 
and water resource impact assessment, namely downscaling processes. Two commonly used 
methodologies are statistical downscaling and nesting of regional climate models (RCM) within 
GCMs (Murphy, 2000; Fan et al., 2005; Chen et al., 2006). Wood et al. (2004) compared three 
statistical downscaling methods, using the Variable Infiltration Capacity (VIC) macroscale 
hydrological model. The most accurate method was bias correction and spatial disaggregation. 
Dibike and Coulibaly (2005) used output from a GCM to compare two downscaling methods, 
regression analysis and a stochastic weather generator. The weather generator performed better 
when estimating the length of wet spells in the historical period. Salathé et al. (2007) found 
significant differences in regional climate response in the Pacific Northwest using statistical 
downscaling versus an RCM, with the RCM more accurately reproducing the historical climate. 
In comparing downscaling methods, RCMs and other dynamic techniques are generally more 
successful because they replicate regional climate systems, but also require more data and time 
to implement than the simpler statistical techniques.  
To sum up, literatures show that there are large amount of uncertainties in projecting future 
climate scenarios using GCM and related modeling techniques and there is a need for describing 
potential future climate scenarios in a way without introducing those errors. 
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Chapter 3 Long-term SUDS modeling with SWMM 
3.1 Climate data 
Based on data of natural catchments, Berghuijs et al. (2014) organized 321 MOPEX study 
catchments into 10 hydrologically similar catchment clusters (Table 3-1). In order to examine the 
impact of climate variability on urban catchments, ten cities belong to nine of Berghuijs clusters 
were picked (See Table 3-1).  Even though the 10 cities were located within natural catchments 
of these clusters, the hydrologic conditions in these cities might not be exactly the same from the 
cluster they belong to due to the impact of urbanization to catchment. Since A1 has no urbanized 
area, no city could be selected from A1.  
Table 3-1 Description of 10 different clusters (Berghuijs et al., 2014) 
Cluster A1 A2 B1 B2 B3 
City - 
Salt Lake 
City 
Sacramento Seattle Los Angeles 
Description of 
natural 
hydrological 
condition 
Mountainous 
humid catchments 
where snow 
storage causes a 
delay in the 
streamflow and 
soil water 
recharge peak. 
Catchments have 
perennial stream 
flow 
Mountainous arid 
catchments where 
snow storage 
causes a delay in 
the streamflow 
and soil water 
recharge peak. 
Catchments have 
perennial stream 
flow 
Semi-arid catchments 
where precipitation 
and temperature are 
out of phase.  
Consequently large 
soil water and 
streamflow variations 
occur and streamflow 
can be perennial or 
intermittent. 
Humid catchments 
where precipitation 
and temperature 
are out of phase.  
Consequently large 
soil water and 
streamflow 
variations occur 
and streamflow is 
perennial.    
Arid catchments 
where precipitation 
and temperature 
are out of phase. 
Consequently soil 
water and 
streamflow 
variations occur 
and streamflow 
can be intermittent. 
Cluster C1 C2 D1 D2 D3 
City Des Moines Bismarck 
Atlanta & 
Austin 
Chicago New York 
Description of 
natural 
hydrological 
condition 
Semi-arid 
catchments where 
precipitation and 
temperature out of 
phase. Streamflow 
and storage 
variations of both 
soil water and 
snow are small. 
Streams may fall 
dry but can be 
perennial 
Arid catchments 
where 
precipitation and 
temperature out of 
phase. Seasonal 
streamflow and 
storage variations 
of both soil water 
and snow are very 
small. Streams are 
intermittent 
Humid catchments 
where precipitation 
and evaporation are 
slightly out of phase. 
Catchment have soil 
water storage 
variations and a 
slightly seasonal 
streamflow regime 
with low flows during 
summer 
Humid catchments 
where precipitation 
and evaporation 
are slightly in 
phase. Catchments 
have small soil 
water storage 
variations and a 
fairly constant 
seasonal 
streamflow 
regime. 
Humid catchments 
where precipitation 
and evaporation 
are slightly in 
phase. Catchments 
have soil water and 
snow storage 
variations with a 
soil water and 
streamflow 
increase in spring. 
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Because this study is examining different levels of SUDS implementation, recovery of 
infiltration capacity between storms is expected to be an important factor among different 
climate scenarios.  Recovery of infiltration capacity depends on the evaporation between storms 
and hence the sequencing of storms.  Hourly precipitation for a 12-year period from 01:00 on 01 
October 2000 through 24:00 on 30 September 2012 were used for the long-term simulations.  
Monthly average, maximum, and minimum temperature records for the 12-year period, along 
with the city locations were input to calculate evaporation. All climate data were downloaded 
from National Climatic Data Center (NOAA). Since evaporation measurement stations are not 
widely spread across the United States, evaporation data are only available for some of the cities 
we selected. . Therefore, instead of directly entering Ep data from NOAA, we let SWMM 
calculate Ep based on Hargreaves’ equation (Hargreaves and Allen, 2003) using temperature and 
city location data.  
3.2 Calumet Drop Shaft 51 Catchment (CDS-51) 
 
Figure 3-1 Pipe System Plan view of CDS-51 catchment (Cantone and Schmidt, 2011) 
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For this study a completely urbanized catchment was used rather than an urbanizing catchment. 
Typical urbanized catchment should maintain several condition: 1) population reach certain 
level; 2) impervious area reach certain level; 3) include complete pipe drainage system; 4) 
various land-use. Based on these criteria, CDS-51 catchment were selected for this research. 
The CDS-51 catchment is a 5th-order complex urban system with an area of 3.16 km2   
(including 57% impervious area) in the Village of Dolton, IL, in the Chicago metropolitan area 
(See Figure 3-1).  The catchment captures combined storm and sanitary flows and delivers them 
to the Calumet system of Chicago’s Tunnel and Reservoir Plan (TARP) (Metropolitan Water 
Reclamation District of Greater Chicago (MWRDGC), 1999; Cantone and Schmidt, 2011). The 
combined sewers flow from lower-order pipes to higher-order ones, and end up in a 5th order 
pipe. In this project, only system runoff generated in CDS-51 catchment will be considered. 
Figure 3-2 shows land use and pipe network of CDS-51catchment. 
 
Figure 3-2 CDS-51 land use and pipe network 
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3.3 SUDS implementation scenarios 
In this part of study, SUDS, more specifically green roofs, were input into the residential area of 
CDS-51 models for four scenarios: (1) no SUDS implementation, (2) 20% of the residential area 
had SUDS implemented, (3) 40% had SUDS implemented, and (4) 70% had SUDS 
implemented. CDS-51 has a total roof area of 40% (Tang and Schmidt, 2011). Even though it’s 
impossible to have 70% of the residential area implemented with SUDS, it is valuable to see how 
urban catchments respond under this artificial scenario. Details of the GI inputs are shown in 
Table 3-2 below. The values in Table 3-2 were selected based on common values SWMM model 
provide. 
Table 3-2 Characteristics of SUDS in SWMM modeling 
Surface Storage 
Depth 
Vegetation 
Volume Fraction 
Surface 
Roughness 
Surface Slope Soil Thickness 
0.0381 m. 0.9 0.3 5% 0.0762 m. 
Porosity Field Capacity Conductivity Conductivity Slope Suction Head 
0.55 0.2 1.06*10-5 m/s 10 0.11 m. 
 
3.4 SWMM Model of CDS-51 
The U.S. Environmental Protection Agency’s Storm Water Management Model (SWMM5) was 
selected to simulate the urban catchment with four different levels of SUDS implementation. 
SWMM5 is capable of simulating the movement of precipitation from the ground surface, 
through pipe networks and storage facilities, and finally to receiving waters. The model can be 
used to simulate long, continuous periods and uses well-established hydrologic and hydraulic 
concepts to simulate the urban drainage system. Furthermore, SWMM5 has some capability to 
simulate SUDS implementation and to simulate recovery of infiltration capacity between events 
(Rossman, 2010). A SWMM model of CDS-51 was used to conduct this analysis. 
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3.5 Result and discussion 
The results presented in this section are based on the whole catchment runoff simulation results 
of four different SUDS implementation scenarios under ten distinctive potential climate 
conditions, based on climate data from the ten cities in Table 3-1 . Catchment behaviors under 
large time scale and small time scale climate variability were analyzed. Based on their behaviors, 
new possible climate clusters with similar catchment behaviors were discussed.  
To see the impact of large time scale variability on different SUDS implementations, percentage 
reduction of total runoff volume over the 12-year period with for the four SUDS 
implementations were compared between climate scenarios from cities with different aridity 
index (the ratio between total potential evaporation and total precipitation) in Figure 3-3.  The 
four markers from bottom to top on one line for the same aridity index inputs corresponded to 
simulation results without SUDS implementation, with 20% SUDS implementation, 40% SUDS 
implementation and 70% SUDS implementation respectively. The increase in percentage of 
SUDS implementation resulted in increased total volume reduction percentage for all climate 
scenarios. A 20% SUDS implemented catchment tended to have an average total runoff 
reduction of 17.12%; a 40% an average of 27.13%; and a 70% an average of 38.65%. Based on 
Figure 3-3, these values of runoff reduction percentage differed from each other as aridity index 
rose. And this difference grew bigger as the percentage of SUDS implementation increased.  
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Figure 3-3 Percentage of total runoff volume reduction with 0%, 20%, 40% and 70% SUDS implementation from 
bottom to top under climate scenarios from different cities 
 
Runoff coefficient, the ratio between total runoff volume and precipitation volume over the 12-
year period, was selected to describe the hydrologic character of the study catchment. Figure 3-4 
plotted runoff coefficient over four SUDS implementation scenarios under particular climate 
scenarios. As percentage of SUDS implementation went up, runoff coefficient of the whole 
catchment went down. Changing climate from Chicago to Des Moines, LA, Atlanta, Austin, 
New York, Sacramento, or Seattle will have almost no impact on runoff coefficient and SUDS 
performance, while changing to Salt Lake City or Bismarck may have large impact. More 
importantly, for eight of ten scenarios, effect of more SUDS implementation is greater than 
effect of change in climate. While climate change may affect runoff from urban areas, adding 
SUDS has greater impact.   
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Figure 3-4 Runoff coefficient with 0%, 20%, 40%, and 70% SUDS implementation from bottom to top under climate 
scenarios from different cities 
 
To examine the hydrologic response under small scale climate variability, flow duration curves 
under different climate scenarios were plotted in Figure 3-5. Since 10-3 in/day was smaller than 
the smallest daily rainfall, we reported the data to 10-3 in/day and focused on peak discharge. 
Based on Figure 4, SUDS implementations had impact on reducing the exceedance probability of 
daily runoff, especially for large amount daily flows. The reason is that SUDS provided extra 
storage and detain water in the system. This effect was obvious except for data from climate B3 
and C2, which are all arid climates with precipitation and evaporation out of phase. However, 
Figure 3-5 also showed that flow duration curves of urban catchments are more sensitive to 
climate change than SUDS implementations, as the difference between curves of different cities 
were much bigger than the difference between curves with different SUDS implementation of 
the same city. Installing SUDS might be a good and economical way to solve urban flooding, but 
not a main solution to climate change. 
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Figure 3-5 Flow duration curves with 0%, 20%, 40%, and 70% SUDS implementation from bottom to top under 
climate scenarios from different cities 
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Chapter 4 Chernoff face  
In this chapter, the method Chernoff face was used to conduct a multi-dimension analysis on 
various parameters describing behavior of SUDS relating to different scales of hydrology 
variability.  
4.1 Chernoff faces 
Chernoff face was first introduced by Herman Chernoff (1973). Its objective “is to represent 
multivariate data, subject to strong but possibly complex relationships, in such a way that an 
investigator can quickly comprehend relevant information and then apply appropriate statistical 
analysis” (Chernoff, 1973). A lot of analysis have been done using Chernoff face on a wide 
range of topics (Hiraga et al., 2002; Ren et al., 2006).  
Wolf and Bielefeld (2014) wrote the “faces” function of aplpack package using R applying 
Chernoff face idea (1973) as well as Ralston and Rabinowitz’s algorithm (1985) to draw smooth 
curves.  This function is able to plot faces with 15 variables related to 6 features of the face: (1) 
height of face; (2) width of face; (3) shape of face; (4) height of mouth; (5) width of mouth; (6) 
curve of smile; (7) height of eyes; (8) width of eyes; (9) height of hair; (10) width of hair; (11) 
styling of hair; (12) height of nose; (13) width of nose; (14) width of ears; and (15) height of 
ears. The colors of the 6 face features (face, mouth, eyes, hair, nose, and ears) are defined by 
calculating the average of sets of variables of that feature: (1,2) for face; (4,5,6) for lips; (7,8) for 
eyes’ iris; (9,10,11) for hair; (12,13) for nose; and (14,15) for ears. 
4.2 Parameter choosing 
Chernoff face method draw faces by assigning values to six features of a face: face, mouth, eyes, 
hair, nose, and ears. By using Chernoff face, we would like to see how different climate and 
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SUDS scenarios, which are inputs of our hydrologic models, would result on similar or distinct 
hydrological response, which are outputs of our model in Chapter 3.  
Taking the results from Chapter 3, we try to characterize those variables and plots into 
parameters that we can use to analyze. The parameters we use to describe the relation between 
climate scenario, SUDS scenario and hydrologic response of urban catchments are listed in the 
Table 4-1 below. 
Table 4-1 Parameters used to draw Chernoff faces 
 Parameter Group 
Parameter 
Description 
Parameter 
SUDS 
parameter 
SUDS parameter % of SUDS % of SUDS 
Climate 
parameters 
Precipitation parameter 
Annual average 
Precipitation 
Depth 
P 
Potential Evaporation 
parameter 
Annual average 
Evaporation 
Depth 
Ep 
Ratio to P Ep/P (Aridity Index) 
Hydrologic 
response 
parameters 
Daily Scale Runoff 
parameters 
Extreme Values 
Top 2% Daily Flow 
0.001 in/day flood 
probability 
Normal Values 
Mid Daily Flow 
0.1 in/day flood 
probability 
Annual Scale Runoff 
parameters 
Annual average 
Runoff volume 
Q 
Ratio to P Q/P (Rc) 
Evaporation parameters 
Annual average E 
Ratio to P E/P 
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4.3 Drawing of Chernoff face 
The parameters used to draw Chernoff faces were summarized in Table 4-2 below. For the model 
inputs part, we include Ep, Ep/P, and P for climate inputs and % of SUDS for SUDS inputs. For 
the model output parts, we use runoff related parameters and evaporation related parameters. 
Runoff related parameters were selected to represent the hydrologic response of urban catchment 
at different time scales. Q and Rc were used for annual scale runoff parameters. Mid daily flow 
and 0.1 in/day flood probability represent normal daily runoff values while 0.001in/day flood 
probability and top 2% daily flow represent extreme daily runoff values. 
Table 4-2 Parameters assigned to each variable of Chernoff face 
Model 
Input/ 
Output 
Face 
features 
Chernoff 
face 
parameter 
parameters parameter classification 
Outputs 
Face 
Height of 
face 
Q 
Annual 
average 
Annual 
Scale 
Runoff 
parameters 
Hydrologic 
response 
parameter
s 
Width of face Rc 
Ratio to 
P 
Mouth 
Height of 
mouth 
mid daily flow 
Normal 
Values 
Daily Scale 
Runoff 
parameters 
Width of 
mouth 
0.1 in/day flood 
probability 
Eyes 
Height of 
eyes 
0.001 in/day flood 
probability Extreme 
Values Width of 
eyes 
top 2 % daily flow 
Hair 
Height of hair E 
Annual 
average 
Evaporatio
n 
parameters Width of hair E/P 
Ratio to 
P 
Inputs 
Nose 
Height of 
nose 
Ep 
Annual 
average 
Potential 
Evaporatio
n 
parameter 
Climate 
parameter
s 
Width of 
nose 
Ep/P 
Ratio to 
P 
Ears 
Height of 
ears 
P 
Precipitation 
parameter 
Width of ears % of SUDS SUDS parameter 
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In early iterations of Chernoff face it became parent that which parameters are assigned to each 
feature or even the parameters are clustered impact the appearance and interpretation of Chernoff 
face. For example if one parameter adjust with of face and a correlated parameter affected the 
spacing of the eyes, it would be difficult to determine changing in eyes relative to changes in 
with. What was done thru a iterative of process is to assign parameters for the response of the 
catchment of different level of suds and different climate were assigned to features affect clearly 
distinct part of the face 
We initially hypothesized that Chernoff face would provide a quick inference of important 
properties of SUDS behavior. This is not the case, because of the importance of which parameter 
assigned to which feature. However, despite being more time consuming than initial anticipated, 
the iterative process itself provided insight into relations among the parameters. 
To make it easier to identify the similarity and differences of hydrologic response of different 
cities, the hydrologic response parameters were imbedded into faces, eyes, mouth, and hair, 
which are the features of a face that are easier to identify and put more attention (Chernoff, 
1973). We then took the parameters that represent inputs of the model into nose and ears, which 
are the two characteristics of faces that people are least easy to identify. In this way, by 
comparing features of faces, eyes, mouth, and hair, we can tell if the hydrologic responses from 
different climate and SUDS scenarios are identical or not. In addition, all the annual average 
values were put into the height of face features, like q in height of face, and its ratio to P in width 
of that feature, like Rc in width of face. The color of each feature is assigned by the mean value 
of the height and width of that feature. The values of each parameter of all different scenarios 
were presented in Table 4-3. 
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Table 4-3 Parameter values used for Chernoff face 
 City 
face mouth eyes hair nose ears 
height 
of face 
width 
of face 
height of mouth 
width of 
mouth 
height of 
eyes 
width of eyes 
height 
of hair 
width 
of hair 
height of 
nose 
width of 
nose 
width of 
ear 
height of 
ear 
q Rc 
0.001 in/day 
flood probability 
top 2% 
daily flow 
mid daily 
flow 
0.1 in/day daily 
flow probability 
e e/p ep ep/p % of GI p 
A2 Salt Lake City_no SUDS 4.30 0.31 10.49 0.19 0.07 4.20 9.77 0.69 43.95 3.12 0 14.07 
A2 Salt Lake City_20% SUDS 3.49 0.25 10.45 0.15 0.06 3.51 10.58 0.75 43.97 3.12 20 14.07 
A2 Salt Lake City_40% SUDS 2.96 0.21 10.45 0.13 0.05 3.01 11.11 0.79 43.96 3.12 40 14.07 
A2 Salt Lake City_70% SUDS 2.15 0.15 10.36 0.09 0.04 1.76 11.92 0.85 43.97 3.13 70 14.07 
B1 Sacramento_no SUDS 7.93 0.44 11.04 0.35 0.12 6.04 9.98 0.56 45.08 2.52 0 17.91 
B1 Sacramento_20% SUDS 6.50 0.36 11.02 0.28 0.10 5.52 11.41 0.64 45.08 2.52 20 17.91 
B1 Sacramento_40% SUDS 5.63 0.31 10.99 0.24 0.09 5.20 12.28 0.69 45.09 2.52 40 17.91 
B1 Sacramento_70% SUDS 4.67 0.26 10.99 0.20 0.06 4.22 13.24 0.74 45.10 2.52 70 17.91 
B2 Seattle_no SUDS 16.40 0.44 26.28 0.47 0.10 13.28 21.09 0.56 31.52 0.84 0 37.49 
B2 Seattle_20% SUDS 13.45 0.36 26.19 0.38 0.08 11.61 24.04 0.64 31.53 0.84 20 37.49 
B2 Seattle_40% SUDS 11.73 0.31 26.16 0.33 0.07 10.08 25.76 0.69 31.53 0.84 40 37.49 
B2 Seattle_70% SUDS 10.17 0.27 26.07 0.28 0.05 7.96 27.31 0.73 31.53 0.84 70 37.49 
B3 Los Angeles_no SUDS 6.27 0.47 4.90 0.26 0.20 3.51 7.14 0.53 48.12 3.59 0 13.41 
B3 Los Angeles_20% SUDS 5.18 0.39 4.86 0.21 0.16 3.35 8.23 0.61 48.13 3.59 20 13.41 
B3 Los Angeles_40% SUDS 4.54 0.34 4.86 0.18 0.14 3.17 8.87 0.66 48.13 3.59 40 13.41 
B3 Los Angeles_70% SUDS 3.97 0.30 4.86 0.14 0.11 2.53 9.44 0.70 48.13 3.59 70 13.41 
C1 Des Moines_no SUDS 15.09 0.44 15.51 0.58 0.16 9.67 19.13 0.56 39.08 1.14 0 34.22 
C1 Des Moines_20% SUDS 12.59 0.37 15.53 0.48 0.13 9.03 21.62 0.63 39.07 1.14 20 34.22 
C1 Des Moines_40% SUDS 11.12 0.33 15.58 0.41 0.11 8.23 23.09 0.67 39.08 1.14 40 34.22 
C1 Des Moines_70% SUDS 9.27 0.27 15.47 0.31 0.08 7.03 24.95 0.73 39.07 1.14 70 34.22 
C2 Bismarck_no SUDS 6.28 0.37 8.92 0.29 0.11 4.63 10.85 0.63 36.17 2.11 0 17.13 
C2 Bismarck_20% SUDS 5.16 0.30 8.92 0.24 0.09 4.17 11.97 0.70 36.17 2.11 20 17.13 
C2 Bismarck_40% SUDS 4.50 0.26 8.87 0.20 0.07 3.70 12.63 0.74 36.16 2.11 40 17.13 
C2 Bismarck_70% SUDS 3.48 0.20 8.87 0.15 0.05 2.99 13.65 0.80 36.16 2.11 70 17.13 
D1 Atlanta_no SUDS 22.20 0.48 18.41 0.75 0.21 12.84 24.52 0.52 48.01 1.03 0 46.72 
D1 Atlanta_20% SUDS 18.73 0.40 18.54 0.63 0.17 12.07 27.99 0.60 48.01 1.03 20 46.72 
D1 Atlanta_40% SUDS 16.71 0.36 18.68 0.54 0.14 11.27 30.01 0.64 48.01 1.03 40 46.72 
D1 Atlanta_70% SUDS 14.72 0.32 18.75 0.47 0.11 9.58 32.00 0.68 48.00 1.03 70 46.72 
D1 Austin_no SUDS 16.25 0.48 11.63 0.69 0.22 7.89 17.70 0.52 57.94 1.71 0 33.95 
D1 Austin_20% SUDS 13.68 0.40 11.68 0.58 0.18 7.39 20.27 0.60 57.93 1.71 20 33.95 
D1 Austin_40% SUDS 12.48 0.37 11.66 0.49 0.15 7.07 21.47 0.63 57.93 1.71 40 33.95 
D1 Austin_70% SUDS 11.08 0.33 11.61 0.37 0.11 6.25 22.87 0.67 57.93 1.71 70 33.95 
D2 Chicago_no SUDS 15.88 0.43 18.89 0.55 0.15 10.90 20.65 0.57 37.18 1.02 0 36.53 
D2 Chicago_20% SUDS 13.16 0.36 18.80 0.45 0.12 10.10 23.37 0.64 37.18 1.02 20 36.53 
D2 Chicago_40% SUDS 11.55 0.32 18.80 0.39 0.10 9.42 24.98 0.68 37.18 1.02 40 36.53 
D2 Chicago_70% SUDS 9.35 0.26 18.70 0.30 0.07 7.53 27.18 0.74 37.18 1.02 70 36.53 
D3 New York_no SUDS 24.83 0.47 21.44 0.81 0.17 13.71 27.55 0.53 35.76 0.68 0 52.39 
D3 New York_20% SUDS 20.86 0.40 21.46 0.68 0.14 12.91 31.53 0.60 35.75 0.68 20 52.39 
D3 New York_40% SUDS 18.58 0.35 21.46 0.59 0.12 11.95 33.81 0.65 35.75 0.68 40 52.39 
D3 New York_70% SUDS 17.17 0.33 21.35 0.55 0.10 10.68 35.22 0.67 35.75 0.68 70 52.39 
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4.4 Chernoff face analysis 
The result of Chernoff faces are shown in Figure 4-1 below, with their climate and SUDS 
scenarios labeled above each face. As we can see from the figure, both climate scenario and 
SUDS scenario have evident impacts on the hydrologic response of the urban catchment 
presented on the faces. There are noticeable differences when the climate scenarios change from 
city to city. Arid cities tend to have darker smaller faces while the faces of humid cities tend to 
be bigger and lighter color. Moreover, the trend to have smaller face features as well as darker 
face color when more SUDS were implemented in a particular city is also clear. The impact of 
SUDS on hydrologic behavior of catchment was increasing with its density (from no SUDS to 
70% SUDS). This increase was more obviously seen from no SUDS implemented to 20% SUDS 
implementation, which reflect on face features like face color, size of eyes and mouth, etc.. 
When comparing the impacts of climate and SUDS, climate impact is clearly more dominating 
than SUDS impact on the hydrologic response of our urban catchment: obviously faces with the 
same climate scenario look more alike than those with the same SUDS scenario. On the other 
hand, however, the implementation of SUDS did help to overcome the influence of climate 
change to some extent. It is not hard to discover that the face of D2 Chicago with no SUDS 
implemented was comparable to the face of D1 Atlanta with 20% of SUDS implemented and C1 
Des Moines with no SUDS implemented. In other words, if Chicago’s climate behaves like 
Atlanta in the future, implementing SUDS on 20% of the residential area would make our urban 
catchment behave like before. In this way, SUDS helps to increase the resiliency of our urban 
catchment. Other group of similar faces are A2 Salt Lake City with no SUDS, B1 Sacramento 
with 70% SUDS, and C2 Bismarck with 40% SUDS.  
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There are also some very interesting findings concerning the daily scale hydrologic response. 
When SUDS scenarios change from 0% to 20%, 40%, and 70%, both eyes and mouth showed a 
tendency to have shorter height and width, which imply that all those four parameters are 
decreasing. However, those faces with higher ears and wider nose appears to have less change in 
eyes’ height, indicating that small daily flows are not changing as much with the implementation 
of SUDS in arid climate as those with humid climate. Nevertheless, small daily flows altogether 
didn’t change much with SUDS, while large daily flow change more with SUDS scenarios than 
small daily flow, no matter climate. In addition, mid daily flow is not changing as much with 
SUDS scenarios in arid climates compared to more humid climate, as we can see from the more 
apparent decrease in height of mouth in larger faces. This change is related to the frequency of 
occurrence of flows events, with smaller more frequently occurring flows exhibiting different 
behavior than larger less frequently occurring flows. In Chapter 5, we will use statistical analysis 
to examine this difference quantitatively. 
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Figure 4-1 Chernoff face plot of all scenario combinations 
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Chapter 5 Statistical Analysis 
In Chapter 4 we conduct a qualifying analysis of the integrated impact on hydrological processes 
of an urban catchment under various climate and SUDS scenarios and find some relations 
between hydrological properties and model inputs. In this chapter, we conducted quantifying 
statistical analysis on the hydrological outcomes we get from all 40 simulations. We would like 
to test if the distributions of hourly runoff from different scenarios combinations are statistically 
the same or not. 
5.1 Statistical analysis of hydrological data 
The use of statistics in the field of hydrology can be dated back to very early times (Yevjevich, 
1972). Cumulative frequency analysis and flow duration curves are classic methods when we try 
to get an overall understanding of the hydrologic variability. Exceedance probability 𝑃𝑟𝑜𝑏(𝑋 ≥
𝑥𝑖) is the possibility that an observation 𝑋 would be equal to or larger than a certain value 𝑥𝑖 
(Chow et al., 1988). Cumulative frequency 𝑓(𝑋 ≤ 𝑥𝑖)  on the other hand is how often a certain 
event 𝑋 is below a certain value 𝑥𝑖 . The relationship between cumulative frequency and 
exceedance probability is 𝑓(𝑋 ≤ 𝑥𝑖) = 1 − 𝑃𝑟𝑜𝑏(𝑋 ≥ 𝑥𝑖). There are three steps to calculate 
exceedance probability for an observation series 𝑥𝑖 with a total number of 𝑛 observations: 
1. Sort the observation series 𝑥𝑖 from large to small;  
2. Rank the sorted observation series from largest (rank=1) to smallest (rank=n); 
3. The exceedance probability is calculated by 𝑃𝑟𝑜𝑏(𝑋 ≥ 𝑥𝑖) =
𝑀
𝑛+1
, where 𝑀 is the rank 
for a particular observation 𝑥𝑖. 
“A flow-duration curve (FDC) represents the relationship between the magnitude and frequency 
of daily, weekly, monthly (or some other time interval of) streamflow for a particular river basin, 
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providing an estimate of the percentage of time a given streamflow was equaled or exceeded 
over a historical period “ (Vogel and Fennessey, 1994). In recent years, flow duration in urban 
catchments have been receiving more and more attentions (e.g. WADOE, 2005). However, since 
there are 40 simulations with 105192 observations in each one, it would be hard to compare each 
one. Instead, we compared the whole flow duration curves together using statistical tests, which 
is a good way to make inference into large number of data with various dimensions from a 
broader prospect of view than simply comparing some fixed characteristic.  
For each statistical test, there should be a null hypothesis, an alternative hypothesis, and a 
significance level (𝛼). A p value for the test is calculated and compared to 𝛼 (for one-sided test) 
or 𝛼/2 (for two sided test). If p value is larger than 𝛼 or 𝛼/2, we fail to reject the null hypothesis 
and conclude that the null hypothesis is statistically right. On the other hand, if p value is smaller 
than 𝛼, we reject the null hypothesis and conclude that the alternative hypothesis is statistically 
correct (Ott and Longnecker, 1993). 
5.2 Data preparation and test of assumptions 
To better illustrate the behavior of SUDS on various scales of temporal hydrological variability 
for urban runoff, hourly data was used in this statistical analysis. This is because modified urban 
drainage systems generally have a quick or fast runoff response to rainfall and usually hourly or 
finer resolution are needed to explore runoff behavior. The box plots of precipitation and hourly 
runoff discharge were shown in Figure 5-1, Figure 5-2. We can see from the plots that the 
distribution of both hourly rainfall and runoff are highly skewed, which is widely seen in 
previous works and considered a natural property of hydrologic-data-distributions (Chow et al., 
1988).  
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Figure 5-1 Boxplot of hourly rainfall (in) for all climate scenarios 
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Figure 5-2 Boxplot of hourly runoff rate (cfs) for all scenario combinations 
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Since the runoff distributions are so skewed that it is difficult to compare them as a whole, we try 
to divide them into different bins using rainfall data. In the engineering field, a general 
assumption we use to get design runoff with a certain return period is that it is resulted from the 
rainfall that has the same frequency (Yen, 1987). Based on this assumption, we can first divide 
the rainfall data into several bins of equal probability and then find the runoff generated from 
precipitation within each bins. These runoff formed the distribution of runoff with a particular 
frequency range. We then tested if the runoff distributions from a frequency range from different 
simulation results are statistically similar to each other or not.  
In both hourly rainfall and runoff distributions the majority (greater than 90%) of the values are 
zero. Therefore we have to cut off the precipitation distributions, and the corresponding runoff 
distributions, at some point so that we do not need to analysis all those zero values that do not 
give much information. The precipitation values were ranked from largest (rank=1) to smallest 
(rank=105192) and the exceedance probability is calculated as 𝑃𝑟𝑜𝑏(𝑃 ≥ 𝑃𝑖) =
𝑀
𝑛+1
, where 
𝑛=105192 is the total number of observations and 𝑃𝑖 is a certain observation of the hourly 
rainfall series with rank 𝑀. In turn, we have cumulative frequency 𝑓(𝑃 ≤ 𝑃𝑖) = 1 −
𝑃𝑟𝑜𝑏(𝑃 ≥ 𝑃𝑖). The largest precipitation exceedance probability that related to a non-zero value 
(called “P-End” in the figures) from each climate scenario is plotted in Figure 5-3. The median 
of these exceedance probabilities is 4.77%, relating to rank 5023. We cut off all rainfall data 
from rank greater than 5023, so all together we have 5023 rainfall and corresponding runoff data. 
The following paragraphs discusses how the corresponding runoff values are determined. 
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Figure 5-3 Scatterplot and Boxplot of the non-zero hourly precipitations with the largest exceedance probability from 
each climate scenario (P-End) 
Because there is a lag between the precipitation and runoff response of the watershed, we 
calculated how strongly rainfall in one hour is related to runoff in another. Here we simplify the 
relation from rainfall to peak runoff discharge and use the term “lag time (𝑡𝑙𝑎𝑔)” to define the 
time difference from the rainfall to its corresponding peak discharge rate. The lag time is 
determined by examining the correlation between the precipitation and the runoff with different 
runoff lag time from 0 to 8 hours. The lag the give the greatest correlation (one hour) was 
considered the lag time for the watershed. The 5023 runoff values corresponding to 5023 
precipitation values discussed above are the runoff values from one hour after the corresponding 
precipitation values.  
We calculated the correlation coefficient with hourly rainfall 𝑃𝑖 and hourly runoff 𝑄𝑖+𝑡𝑙𝑎𝑔 with 
𝑡𝑙𝑎𝑔 range from 0 hour to 8 hour and the correlation coefficients are shown in the Table 5-1 
below. The rainfall and runoff data are from D2 Chicago climate with no SUDS implemented, 
which are the original catchment scenarios. The results showed that hourly rainfall is most 
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correlated with hourly runoff with a lag time of 1 hour, which gives 0.974 correlation 
coefficients. 
Table 5-1 Correlation coefficients for D2 Chicago climate with no SUDS 
Lag time (hr.) 0 1 2 3 4 5 6 7 8 
Correlation coefficient from whole 
data 
0.373 0.974 0.446 0.274 0.188 0.125 0.101 0.079 0.064 
 
We then test the validity of this lag time on all scenarios’ results by calculating correlation 
coefficient of rainfall with runoff lag 1 hour both before cut off, shown in Table 5-2. We test the 
significance of correlation between sorted rainfall and lag 1 hour runoff with a significance level 
of 0.05 and all climate scenarios passed (See Table 5-3). Hourly rainfall data were plotted over 
hourly runoff discharge rate for all scenarios’ combinations in Figure 5-4. 
Table 5-2 Correlation coefficients for all climate scenarios 
Climate Type A2 B1 B2 B3 C1 C2 
D1 
Atlanta 
D1 
Austin 
D2 D3 
0% SUDS 0.882 0.960 0.949 0.974 0.404 0.963 0.410 0.988 0.974 0.532 
20% SUDS 0.884 0.958 0.948 0.973 0.434 0.962 0.441 0.980 0.970 0.559 
40% SUDS 0.886 0.921 0.938 0.953 0.443 0.920 0.451 0.918 0.914 0.571 
70% SUDS 0.886 0.802 0.840 0.826 0.426 0.774 0.446 0.749 0.825 0.566 
 
Table 5-3 p value from correlation test for all climate scenarios* 
Climate 
Type 
A2 B1 B2 B3 C1 C2 
D1 
Atlanta 
D1 
Austin 
D2 D3 
0% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
20% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
40% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
70% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
* The null hypothesis for the correlation test is that the true correlation is equal to 0. 
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Figure 5-4 Plot of hourly rainfall over lag one hour hourly runoff rate for all scenario combinations 
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As can be seen from Table 5-3, all climate scenarios have a p-value for correlation test that is 
very small, which means the null hypothesis was rejected and we can conclude that statistically 
there is true correlation between hourly rainfall and lag 1 hour hourly runoff. Most of the climate 
scenarios result in high correlation coefficient (over 0.7) between rainfall and runoff lag 1 hour 
data. The three climate type that had correlation coefficient smaller than 0.5 are C1 Des Moines, 
D1 Atlanta, and D3 New York City, among which C1 with no SUDS implemented has the 
smallest correlation coefficient. We explore the reason why the correlation coefficients are so 
small by picking C1, D1 Atlanta, and D2 with no SUDS as examples and re-calculated the 
correlation between sorted rainfall and runoff with lag time from 0 to 8 before cut off. The 
results were shown in Table 5-4, Table 5-5, and Table 5-6. 
Table 5-4 Correlation coefficient for C1 with no SUDS before cut off 
Lag time (hr.) 0 1 2 3 4 5 6 7 8 
Correlation coefficient from 
cut data for C1 no SUDS 
0.978 0.404 0.205 0.113 0.071 0.055 0.049 0.037 0.028 
 
Table 5-5 Correlation coefficient for D1 Atlanta with no SUDS before cut off 
Lag time (hr.) 0 1 2 3 4 5 6 7 8 
Correlation coefficient from cut 
data for D1 Atlanta no SUDS 
0.984 0.410 0.211 0.144 0.114 0.092 0.074 0.057 0.043 
 
Table 5-6 Correlation coefficient for D3 with no SUDS before cut off 
Lag time (hr.) 0 1 2 3 4 5 6 7 8 
Correlation coefficient from 
cut data for D3 no SUDS 
0.981 0.532 0.344 0.271 0.216 0.181 0.157 0.135 0.105 
 
We can see that all C1, D1 Atlanta, and D3 has the best correlation result between rainfall and 
lag 0 hour runoff. This is maybe because these three climate scenarios tend to have continuous 
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rainfalls that rainfall in the previous hour usually filled up the storage of the catchment before the 
next hour rain came, which would result in quick rainfall-runoff process in the next hour rain. 
This can be proved by the rising of correlation coefficient in Table 5-2 with the increasing 
density of SUDS, which provide larger storage and slower the runoff generating process.  
We also test the correlation between hourly precipitation and lag 1 hour runoff after the series 
were cut to 5023 observations, as shown in Table 5-7 and Table 5-8.The correlation coefficients 
decreased from what we calculated in Table 5-2 a little bit, but the scale and patterns were still 
the same. Based on our findings and results, it was reasonable to use a lag time of 1 hour. 
 
Table 5-7 Correlation coefficient for all simulations after cut off 
Climate Type A2 B1 B2 B3 C1 C2 
D1 
Atlanta 
D1 
Austin 
D2 D3 
0% SUDS 0.881 0.956 0.930 0.973 0.403 0.970 0.365 0.989 0.976 0.428 
20% SUDS 0.883 0.955 0.929 0.972 0.440 0.968 0.403 0.981 0.973 0.466 
40% SUDS 0.885 0.949 0.915 0.950 0.448 0.934 0.412 0.931 0.939 0.479 
70% SUDS 0.885 0.872 0.796 0.836 0.412 0.842 0.383 0.772 0.852 0.455 
 
Table 5-8 p-value of correlation test for all simulation after cut off* 
Climate Type A2 B1 B2 B3 C1 C2 
D1 
Atlanta 
D1 
Austin 
D2 D3 
0% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
20% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
40% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
70% SUDS 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
<2.2e-
16 
* The null hypothesis for the correlation test is that the true correlation is equal to 0. 
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5.3 Results and discussion 
Since there are 5023 rainfall data, we partition these data into 5 bins, with rank 1-1000 the first 
bin, rank 1001-2000 the second bin, rank 2001-3000 the third bin, rank 3001-4000 the forth bin, 
and rank 4001-5023 the last bin. Runoff data were separated into these 5 bins using the same 
ranks among runoff for each simulation. The boxplot of runoff data of the hourly runoff rate and 
the five bins were shown in Figure 5-5 to Figure 5-10.  
The first and second bin have larger variance than the others, especially the last bin. This is 
because when the rainfall intensity decreases, a greater portion of the rainfall can stored or 
evaporate resulting in an increasing number of storms with zero runoff and thus a small variance. 
46 
 
 
Figure 5-5 Boxplot of hourly runoff discharge after cut off 
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Figure 5-6 Boxplot of the first bin 
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Figure 5-7 Boxplot of the second bin 
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Figure 5-8 Boxplot of the third bin 
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Figure 5-9 Boxplot of the forth bin 
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Figure 5-10 Boxplot of the fifth bin 
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As can be seen from the boxplots, these runoff distributions are skewed and have different 
variance. As a result, we use sign test (Dixon and Mood, 1946) to test if the median of each pair 
of simulation result runoff data is statistically the same or not. The results of the sign tests were 
shown in Figure 5-11 to Figure 5-15.  
The figures showed that there were a large number of hourly runoff distributions that have 
statistically the same median in each bins. Their patterns were complicated and hard to identify. 
The third bin had the smallest number of distribution pairs that share the same median, while 
more distributions tend to have similar median when rainfall frequency range goes to both ends 
(to bin 1, 2, 4, 5). This is because the first two bins represents the extreme events and the last two 
bins represents the smallest ones where some of the arid city climate already have a lot of zero 
runoff and humid ones still have some discharge. Thus, we can see a clear relation with our 
runoff differences in these bins. The third bin, however, represents the average rainfall and 
runoff that were less distinctive both among different climate scenarios and SUDS scenarios. The 
noise in the third bin masked the impact of SUDS and climate may have on the hydrologic 
response. SUDS may not help much increasing resiliency with rainfall exceedance probability 
within the range of 3rd bin. 
The first bin has the largest number of p values that are over 0.025, which is our significance 
level. This means that SUDS implemented has a very big impact on the hourly runoff response 
of urban catchment that it is able to overcome possible effect of climate change for exceedance 
probability range from 0.001% to 0.95% (rank 1 to 1000). The forth bin has the largest number 
of p values that is over 0.7, which means that under the influence of SUDS, two hourly rainfall 
distributions from different climate may behave very similar to each other. 
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Figure 5-11 Sign test results for bin 1 
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Figure 5-12 Sign test results for bin2 
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Figure 5-13 Sign test results for bin 3 
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Figure 5-14 Sign test results for bin 4 
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Figure 5-15 Sign test results for bin 5 
 
58 
 
As we have discussed in Chapter 4, the impact of SUDS on urban hydrology increased with its 
density of implementation. This increase was also seen in the sign test results. There were more 
color points on the top side of the figures and the left side of the figures, where there were 70% 
SUDS implemented. However, this trend is not so obvious. We can see this trend in bin 1st, 2nd, 
3rd, 5th, while bin 4th seems to behave in the opposite way. 
We also took a look at the behavior of hourly runoff where their Chernoff faces looked similar as 
discussed in Chapter 4. These were shown in Table 5-9. 
Table 5-9 Sign test results for scenario combinations with similar Chernoff faces* 
 1st bin 2nd bin 3rd bin 4th bin 5th bin 
D2  no SUDS vs. D1 Atlanta 20% SUDS      
C1 no SUDS vs. D1 Atlanta 20% SUDS      
D2  no SUDS vs. C1 no SUDS      
A2 no SUDS vs. B1 70% SUDS      
A2 no SUDS vs. C2 20% SUDS      
B1 70% SUDS vs. C2 20% SUDS      
*symbols used in the table stand for p value of sign test:  0.025 ≤ 𝑝 < 0.5;  0.5 ≤ 𝑝 < 0.7. 
We can see that there were some similarities of the median of these distributions that match our 
finding in Chapter 4. This happened more on the bins that have the lowest ranges exceedance 
probability (1st bin and 2nd bin) and bin with highest range of exceedance probability (5th bin), 
which is the match of our discussion of sign test results in general.  
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Chapter 6 Conclusion and future work 
6.1 Conclusion 
The results we discussed in Chapter 3, Chapter 4, and Chapter 5 lead to the following 
conclusions: 
 The performance of urban catchment with SUDS implemented behave very differently 
under various long-term climate records, which match our hypothesis. This difference 
had been observed on various time scales from hourly to annually using different 
analyzing tools. 
 Implementing SUDS had an obvious impact on the hydrologic response under all climate 
scenarios used. The hypothesis that SUDS would affect the hydrologic response of not 
only event scale climate variability but also annual and interannual climate variability 
was proved. 
 Results proved that increased density of SUDS would result in more influence on 
hydrologic response. This influence was often more obvious from no SUDS implemented 
to 20% SUDS implemented than from 20% SUDS implemented to 40% SUDS 
implemented or 70% SUDS implemented. 
 The hypothesis that climate is a more dominating factor on the hydrologic response of 
urban catchment than SUDS was proved. However, SUDS did help to overcome the 
influence of climate scenario change to some extent and in that case increased the 
resiliency of urban catchment to climate change. 
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 Various parameters used in this study gave a deeper understanding of how SUDS behave 
in urban catchment hydrologic variability. These parameters allowed us to tell the story 
from a new and more comprehensive perspective of view than before. 
6.2 Limitation and future work 
Several cities of this study were affected by snow. (Berghuijs et al., 2014) As a limitation of this 
thesis, snow pack modeling is not included since snow melt process is hard to capture: the lower 
layer melt first and snowplows may redistribute snow pack to pervious areas, affecting the 
performance of SUDS.  
We used SWMM model with monthly averaged evaporation, for the recovery of infiltration 
capacity in SUDS. This may introduce error particularly in humid climates where inter-event 
times may be small, and so recovery of infiltration capacity may significantly impact the 
hydrologic response. In cooperating in model with more physics based evapotranspiration 
simulation coupled with hourly site specific data for ET parameters would address this 
limitation. However, such data are not readily available thence may limit the ability to examine 
different climate scenarios. 
The Chernoff face part analyzed only hydrologic response from daily time scale to interannual 
scale and did not go to any finer scales like hourly. This is expected to be one of the next steps of 
this research. 
Since the hourly data used are highly skewed and cannot pass the assumptions’ test of most of 
the linear models used in statistical analysis, we had to use sign test which may lose some 
inference to the data. More effective ways of transforming the data should be performed and 
more effective way of analyzing hourly hydrologic response should be conducted in the future. 
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Even though this study analyzed a large number of different parameters to quantify SUDS 
behavior, beyond the results of this project, there are still many other characteristics that should 
be studied on how SUDS changes these characteristics of hydrologic response in different 
climates (like time to peak and flood frequency, and how performs differently for small volume 
flow under humid and arid climates). 
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